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INTERIMANALYSIS OF LONG-TIMIK CREEP
BEHAVIOR OF COLUMBIUM C-103 ALLOY

by Willtam D. Klopp and Robert U, Tltran ¥

SUMMARY

~
sl

An analysls I8 presented based on 16 creep tests from an on-going 1"

program to evaluate the long-time creep behavior of columbium C-103 al-

loy. This interim analysis indicates that the calculated stresses to

give 1 percent creep strain in 100,000 hours at 1255 K (1800 F) are 7.93
. . and 8.96 MPa (1150 and 1300 psil) for fine-grained and coarse-grained ma- ’
- terial, respectively. The alloy exhibits an accelerating creep rate at
L — strains of less than 1 percent which can be differentiated into periods
termed early tertiary creep (time dependence of 3/2) and late tertiary
creep (time dependence of 5/2)., No periods of identifiable primary or
secondary creep were observed. The times-to~l-percent-strain and early
and late tertiary creep rates were corvelated with stress and temperature
by Dorn-Sherby types of relations. The apparent activation energy and
stress dependence applicable to all three relations are 315+49 KJ/gmol ‘ i
(75,300411,700 cal/guul) and 2.51+0.44, respectively. The creep rate for
the fine-grained material accelerates more rapidly with time than that for
the coarse-grained material.

|
E-8681

Y S-S

.

INTRODUCTION

: 4 The columbium C-103 alloy (Cb-10Hf~1Ti-0.7Zr) was selected as the ma-

! terial of construction for the Heat Source Heat Exchanger of the Mini-

: Brayton Isotope Power System (ref. 1) in July, 1974, This alloy was sub-

i sequently also selected for the turbine scroll of the Mini-Brayton Power
System. The basis for these selections was a comparative evaluation of
C-103 and Cb-1Zr by the authors of this report. At that time, it was es-
timated, on the basis of eight creep tests, that C-103 would have a strength
. of 20 MPa (2900 psi) for a creep strain of 1 percent in 100,000 hours at

; 1255 K (1800 F).
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Since that time, additional creep data have been generated on C-~103.
A re-analysis with these more extensive data (16 creep tests for times up
to 4897 hours) initiated in September, 1975, indicated that the original
correlation was erroncous with regard to the activation energy and stress
dependence of the creep rate. This re-analysis further indicated that the
extrapolated strength for 1 percent creep in 100,000 hours at 1255 K
(1800 F) is somewhat less than one-half the 20 MPa (2900 psil) value orig-
inally estimated.

In view of the need for accurate long-time creep strength predictions
tor C~103 for the dezign and safety margin of the Mini-Brayton Power System,
this re-analysis was extended to Include detalled scress and temperaturc
ef fects, grain size effects, and shapes of the creep curves. The results of !
this analysis are reported herein.
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The analyais 1a termed interim nince thin characterization of the long-

time erccp behavior of €~103 le contlpulng. Tt in anticipated that the re-
aults of the completed Atudy will be reported at a later date.

EXPERTMENTAL, PROCEDUR)

The C-103 alloy wae commerically procured as 0.076~cm (0.030-1n.)
thick sheet. Principal constitucnts were determined as follows:

Hafnium 9.75 wt pet
Titanium 1.11 wt pet
Zirconium 0.45 wt pet
Tantalum 0.31 wt pet
Tungsten 0.25 wt pect
Oxygen 214 wt ppm
Nitrogen 62 wt ppm
Carbon 37 wt ppm
Hydrogen 0.8 wt ppm

Creep specimens having a 0.635-cm (0.250-1in.) wide by 2.54-cm (1.00-
in.) long gage section were machined from the 0.076-cm (0.030-in.) sheet.
These specimens were degreased, rinsed in alcohol and distilled water,
wrapped in tantalum foil, and annealed in a vacuum of 10-8 torr at 1600 to
2023 K (2420 to 3200 F) prior to creep testing. Weight changes which were
observed during annealing generally amounted to only a few milligrams, equiv-
alent to compositional changes of a few tens of ppm.

The grain size after annealing for 1 hour at 1600 K (2420 F) averaged
30 micro-meters, while annealing for 1 to % hours at 1700 to 2023 K (2600 to
3200 F) gave an average grain size of 90 micro-meters. These two structures
are referred to below as fine-grained and coarse-grained, respectively.

Creep tests were conducted in internally loaded high-vacuum creep units
described earlier (ref. 2). A tantalum split sleeve resistance heater was
employed for heating the specimens. The pressure wﬁe generally 10-8 torr at
the start of a creep test, decreasing into the 10"1 torr range after sev-
eral hundred hours. Strains were measured by frequent telescopic readings of
fiducial marks at the ends of the gage sections during creep.

Test temperatures ranged from 1100 to 1966 K (1520 to 2000 F) and stres-
ges from 20.7 to 276 MPa (3 to 40 ksi). Tests were generally terminated af-
ter 1 to 3 percent strain. The duration of the longest completed test was
4897 hours.

RESULTS AND DISCUSSTON
Analysis of Time-to-l-Percent-Strain Data
The creep data on C-103 currently avallable from this study are sum~

marized in Table 1. Tests currently in progress are also listed to inform
the interested reader of addltlonal duta which will soon be avallable,

L
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Repreasentative ereep curves arc shown In Plpure 1,

The creep behavior 18 acon to be unununl in comparinon to that of
pure metals and of many alleys In cthat only necolerating creap 16 obrerved
for C~-103, Since the anlaysls of C-103 crevp was complicated further by
slightly differing behavior betwocn finc-prained and coarse~gralned ma-
terials, a atraight-forward analysls of the times to ] percent creep strain
was preferred over analyses of the creep rates for the initial correlation
and cxtrapolation to longer times.

Dorn-Sherby Analysis

For this initial correlation, the times to 1 percent strain from
Table 1 wete correlated by a Dorn-Sherby type of relationship as expressed
by Eq. (1), Table 2 (refs. 3,4).

It is seen in Figure 2 that a linear relationship exists on a log-
log basis between the temperature-compensated time-to-l-percent-strain and
stress for stresses between 20.7 and 82.7 MPa (3 and 12 ksi); above this
stress, the curve deviates upwards. This type of behavior is consistent
with that for most other metals and alloys when the temperature-compensated
linear creep rate is plotted against stress. The upward curvature of this
line above a given stress indicates usually a change from a power stress
dependence to an exponential stress dependence (ref. 5).

The apparent activation energy (Q) and stress dependence (n) were
determined simultaneously for both the fine-grained and coarse-grained
C-103 by a least-squares fitting of the data at 20.7 to 82.7 MPa (3 to
12 ksi) to Eq. (1). These values and thelr approximate 90 percent con-
fidence limits were determined to be 315+49 KJ/gmol (75,300+11,700 cal/
gmol) and 2.5140.44, respectively, as given in Table 2. The constant K1

is also given in Table 2 for both the fine-grained and coarse~grained ma-
terials.

Figure 2 shows that the creep rates for the fine-grained material are
about one-third faster than those for coarse~grained C-103. This is equiv-
alent to a strength advantage for the coarse-grained material of about 11
percent over the fine-grained material.

The creep strength of C-103 for sclected times and temperatures of
Interest to the Mini-Brayton Power System were predicted using lq. (1)
and the appropriate constants from Table 2. ‘Theso predicted strength
vialues and thedr approximate 90 percent confidence lmits are given in
Table 3. Figure 3 shows the predicted strength for 1 percent creep In
100,000 houre as a function of temperature. These new predicted 1255 K
(1800 F) strength values of 7.93 to 8.96 MPa (1150 to 1300 pei) are 40 to
45 percent of the 20 MPa (2900 psl) predicted from the carlier analysis of

C~103 creep data. The wide conlidence limits (i.c., a spread of nearly a
tactor of 2) reflect the very limited amount of lonp-tlme ereep data cur-
rently available for C-103 and the conscquent. high Tevel of uncertalinty In

these predicted values.

P -

pUD R N

PR
>



4

Laraon-Miller.Analysds

The time-to-l-percent-strain data were alpo nnalyzed by the Larson-
Miller method (ref. 6), This correlation 1u shown in Figure 4, Hore, T
Lo expreassed in t 1in houra, and the constant 1o given 1ta usual value
of 20. The bes. caxve through these data extrapolates to a ereep strength
for 1 percent strain in 100,000 hours at 1255 K (1800 F) of 21 MPa (3050
psl), oignificantly higher than those predicted by the Dorn-Sherby method.

Comparison of Dorn-Sherby and Larson-Miller Analyses

It 1s obvious that the Dorn-Sherby and Larson-Miller analyses gilve
widely differing results for the extrapolated long-time strength of C-103,

We considet that, at least for the present analysis, the Dorn-Sherby
approach provides a more accurate relationship between creep rate, stress,
and temperature and thus is better suited for data correlation and extrap-
olation than the Larson-Miller method for the following reasons:

1. The Dorn-Sherby type of relationship includes terms for activation
energy and stress dependence which can be correlated with theoretical ex-
pressions for the rate-determining dislocation reactions (at least for lin-
ear creep). In contrast, the Larson-Miller relationship is strictly empir-
ical.,

2. The Dorn-Sherby relationship can simultaneously correlate the creep
behavior of a wide variety of pure metals when diffusivity and modulus cor-
rections are included. The Larson-Miller relation, in contrast, must be
individually fitted to each data set.

3. The Dorn-Sherby relationship provides a much better correlation of
the present data at 20.7 MFa (3 ksi), near the region of greatest interest,
than does the Larson-Miller relation.

4. The Dorn-Sherby approach allows distinction between the fine-
grained and coarse-grained material while the Larson-Miller does not.

5. Strengtb values derived from the Dorn-Sherby analysis are more con-
servative than those derived from the Larson-Miller analysis.

Thus, we recommend that data extrapoluted by the Dorn-Sherby relation,
Eq. (1), be employed for design of those portions of the Mini-Brayton
Power System made of C-103.

Analysis of Creep Curve Shapes
Correlation of Early and Late Tertiary Creep Rates

As mentioned earlier, analysis of the creep behavior of ¢-103 is more
complicated than that for most pure metals by the absence of periods of
1dentifiable primary (parabulic or cuble) or sccondary (linear) creep. The
creep rate instead accelerates with time at strains of less than 1 percent
in a manner normally referred to as tertiury creep.

Simllar accelerating creep has been obuerved previowsly (o high vocuum
tor many columbium and tantalum alloys (vefs. 2,7-12). Apalysis of the
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curves for Ta=10W (ref. 11) showad that creep nerain was propertional te
time (3/2) for atrains up to neveral pereent,

The data from the present atudy were analvzed to determine the time
dependence of ercop using the method of Finfte diffovencen aag doaeribed
by Crussard (vef. 13). The time dependence (m) of C-103 craep was deter-
minod on six specimons to wanpe from 2,10 to 2,83, na indicated in Table 1.
The average value was 2,41, which was rounded off to 5/2,

We define creep which proceeds proportional to the 572 power of time
as "late tertiary creep" to distingulsh (L fvom "carly tertiary creep',
which proceeds according to the 3/2 power of time. The late tertiary crecp

rate, expressed in dimensions of strain (2/5) sec(-1) is termed Y, while
the early tertiaty creep rate, with dimensions of strain (2/3) sec(~1), 18
termed §.

The term tertiary creep here rcfers to the shape of the creep curve
and not to the imminence of failure. Although the mechanisms which cause
accelerating tertiary creep are not well understood at present, it is
known that grain boundary voids nucleate and grow during this period of
creep. Thus, early and late tertiary creep behavior may be associated with
reactions involving grain boundary voilds.

Both early and late tertiary creep rates as well as the strain intercepts
at zero time for early tertiary creep were determined for cach creep curve and
are included in Table 1. These rates were correlated by Dorn-Sherby type
relations, Eqs. (2) and (4) in Table 2. The activation energles and stress
dependencies determined for early tertiary and late tertiary creep were very
similar to those determined earlier for the time-to-l-percent-strain cor-
relations., In order to improve intercorrelations among the early (é) and
late (y) tertiary creep rates and the time-to-l-percent-strain data, the
activation energy and stress dependence determined for the time-to-l-percent-
strain data were employe¢ -1so for correlating the early and late creep
rates. This approach prec..ded the determination of separate confidence lim-
its for the constants in Eq. (2) and (4). These correlations are shown in
Figures 5 and 6, respectively, and the derived constants are given in Table 2.
The early and late tertiary creep rates are seen to correlate fairly well by
these relationships and to exhibit an upswing at stresses greater than 82.7
MPa (12 ksi) as also observed for the time-to-l-percent-strain data in Fig-
ure 2.

Reconstruction of Creep Curves

It 18 desireable to reconstruct as well as possible the average creep
curves for finc-grained and coarse-grained ¢-103 in order to illustrate the
effects of grain size on the shapes of the creep curves and to allow extrap-
nlatlon of the curves to creep strains greater than | percent. In order to
reconstruct the creep curves, the strain Intercept at zero time (which rep-
resents strain on loading and any traces of primary and secondary creep) 1o
needed as well as the "transition time" from carly to late tertiary creep.
Tt 1s also necessary to assume that the shapes of the creep curves are un-
changed (except for the effects of grain sfze) over the time, temperature,

PP DT I
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and atress ranges of intereat here.- Although this apsumption 18 not true
aver wide rangas of conditlons, 1t I necensary here in view of the limited
available data and-is usaful for the purponen of this atudy.

The straln intarcopt at zevo time in obtained by correlation of these
data for carly tertiary creep from Table 1. Assuming that the crecp rop-
resonted by this strain has the same activatlon cnexgy as that for the other
ereep rates for C-103, 315+48 KJ/gmol (75,300411,700 cal/pmol), a atfess de-
pendence of 1.85 was obtained by least-squarcs analysis of the carly tere
tiary crecep, zero-time straim intercept data. Thise stress deptndence is sim-
ilar to the value of 2 previously observed between stress and initial crecp
strain (vef. 1l4). This correlation is secn in Figure 7 to be fair at best,
probably reflecting the scatter inherent in the extrapolation to zero time
of experimental measurements of very small creep strains.

The transition time from early to late tertiary cteep 1e needed since
the two rates must be employed sequentially to reconstruct the creep curve.
This transition time is defined as that time at which the instantaneous
early and late tertiary creep rates are equal. The early tertiary creep re-
lation and its differential with respect to time (the instantaneous creep
rate) are:

e- e = (ht)Y/? (5)
de/dt = (3/2)§%/21/2 (6)
The equivalent relations for late tertiary creep are:

e-e = (36)%2 Q)
de/dt = (5/2)y7/2¢3/? (8)

The transition time is derived from Eqs. (6) and (8) as:

3 *3/2

t = ;—-3—57-2- 9)

The transition times and strains calculated from the experimentally ob-
served early and late tertiary creep rates are given in Table 1.

Creep curves calculated for both fine-prained and coarse-grained C-103
using Eqs. (2), (3), (4), and (9) arc compared in Figure 8 to represcentative
experimental data. Here, the experimental times are compensated for creep
stress and creep temperature so that the difterences between the two curves
represent only the effects of grain size. It is coincidental that the ex-
perimental points lie below the calculated curves for both tests shown here;
scatter both above and below the calculated curves was observed for other
tests, It 1s ncted that the curve for the fine-grafned material accelerates
more rapidly than that for the coarse-grained material., This difference re-
tlects the transition to late tertiary croep at a lower strain in the fine-
grained than in the coarse-grained material, as scen from the caleulated
transition strains in Table 1.

R
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The caleulatod creep atrengths for atvalnn up te 5 pereant at varioun
times and tomperatures of intareat are given in Table 4, For example, re-
laxing the allowable atrain in conrfe~gradned C-103 at 1255 K (1800 ¥) and
100,000 hours from 1 percomrt to 5 pereent. Inereanen the allowahle atrens
from 9,17 to 12,7 MPa (1,33 to 1.84 kai), an inereanc of 38 pereent. Tor
{ine-grainod matorial, the allowablo ntrenn lnerease 18 29 percent., The
sharpor accelaration of croep iIn the fine-grained materin) is responoible
for the lesser incroacse in allowable ntrenn relative to tho. coarno=gralned
mateorial, Similarly, the allowable stress incroases with higher allowable
straine are less for C-103 in general than they would be for materials ox-
hiblting linear creep because of the accelerating crecp exhibited by €=103,

SUMMARY OF RESULTS

Major results from this interim anulysis of the long-timé creep be-
havior of the columbium C-103 alloy arc summarized as follows:

l. The stresses for 1 percent creep in 100,000 hours at 1255 K (1800 F)
are calculated as 7.93 and 8.96 MPa (1150 and 1300 pel) for fine-grained and
coarse~grained C-103, respectively. These strengths are both substantially
lower than the 20 MPa (2900 psi) predicted from an ecarlier analysis on fewer
data. Confidence limits on these new strength values are wide because of
the few data currently available.

2. At 1100 to 1366 K (1520 to 2000 F) and stresses from 20.7 to 276 MPa
(3 to 40 ksi), C~103 exhibits accelerating creep which can be differentiated
into one period where strain is proportional to time (3/2) and a second per-
lod where strain is proportional to time (5/2). These two periods are
termed early and late tertiary creep, respectively. No periods of identifi-
able primary or secondaty creep were observed.

3. The times-to-l-percent-strain and early and late tertiary creep
rates currently dppear best correlated with stress and temperaturc by Dorn-
Sherby types of relations. The apparent activation energy and stress de-
pendence applicable to all three relations are 315+49 KJ/gmol (75, 300+
11,700 cal/gmol) and 2.51+0.44, respectively.

4. Analysis of creep curves indicates that the creep rate accelerates
more rapidly with-time for fine-grained than for coarse~-grained C-103.
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TABLE 2, ~ CREEP RELATIONAHTIG AND CONSTANTH FOR €-10%

- 1/t = [(]'nna"Q/R,T

(1)

it = Koaha~W/RT (2

Fa(B) = Rqan'a=0/RT )

| Y = KqaPamQ/RT )
S N L S R y

Finoegrained matorial — 2,01x10% S090646,00%  S.060  2oik10" 2 4)0]
Coaraemgrafned material 1,A9%10° 5,00004,079 6,50 8,00%10% 1 axio!)

. n n'

Fine=gralned material 205140044 1,8Y
Coaese=grained material 2,9140,44 1,85

timo- to 1 percont seratu, soconds

varly tortiary ercop rate, ucruluzf3uucund"1
serain Intercept at sero time for # eroop
late tortlary eroep rate, strain? ”nuuond”i
dtroeds, Mba

stress dependency

apparent dctivatlon energy for croep

315449 KJ/gmol

gas constant o 8,314 J/K-pniol

tomporature, K

creep condtant, (MPu)“"(uuc)“lnr(MPu)“"

£E C 2B FE S ORESN

TABLE 3. - PREDICTED CREEP STRENGTHS FOR C-103
= (BASED ON DORN-SHERBY ANALYSIS)

Temperature, Time Stress for 1 percent strain in
indicated time and approximate
90 pereent confidence limits

K (¥) MPa (kui)

Filne-grained ¢-103

i 1116 (1550) 5 yr | 49.0+#13.5  (7.1141,96)

' 7 yr 42,9+12.4 (b.22:41,81)
' 100,000 hr 35,3111 (5.1241.61)
1228 (1750) 5 yr 14,44 4.1 (2.0940.60)

7 yr 13,3 3.8 (1.8340.56)

100,000 tr 1044+ 3.4 (1.5140.50)

1255  (1800) b yr FLoOoE 402 (1,6040.47

7 yv 97+ 300 (1.404004)

100,000 hr 7,94 2,60 (1,1540.18)

Coarue-pratned =109

1116 (1550) 5 yr 550340404 (BL0242,09)
7 yr 48, 3+114.9 (7.(|Ii'|.9'i)

100,000 hr ML (507841,

1228  (1750) Y yr 1ot 403 203640, 62)
7 vr 14,24 4.0 (00040, 48)

100,000 hr o4 30 (1700

1255  (1800) b yr L2044 303 (1 BOH0, 48)
7 yr 108+ 4.1 (1oOH74004%)

100,000 hr 90+ 207 (103040, 39)

-




TABLE 44 = VREDLCTED BTRESSES TO GIVE YARTONS CREEP STRAINS IN ¢ 103

(BASED ON DORN-SIHERDY ABALYGES)

(1.33)] 10,8 (1.56) | 1.0 (L.oBY) 12,2 (.77

12,7

Tamperaturoe, Time Strenn tor croop to {udleated otrain,
A R Moy (kut) )
Ko W) A " i
Fine=gralned ¢-10)
1116 (1550) 5 yr| 5007 (7.35)] 56,8 (8.24) | 00,7 (BeBOY [ 03,0 (9,0 ] faL. ot !
7oyr| 4403 (6,43) ] 4907 (7.21) 1 B30 (7.7 | %6 (@,07 1 O
100,000 hr| 36,5 (5.29)] 41,0 (5.94) 1 43,7 (6.34) | 49,5 ¢ A (O s
1228  (1750) Syr| 14,9 (2a6) [ 1o08 (24 129 (2,590 ] v - . G (2K
7oyr| 13,0 (1.89) {1400 (2002) [ 15,7 (2.0 ) N[ 17,00 (0L 40)
100,000 hr} 10.8 (1.56) | 12, (.79 209 (187 n S ey | 1,00 (2403)
1255 (1800) 5yr] 1.4 (1,65) | 12,8 (1.85) ] 1300 (1,977} su.9 (2.07) | V4.8 (2.14)
7yr] 9.9 (L.44) ] 11,2 o) (11,9 G| r2.s (LB [ 13,0 (1.88)
100,000 hr 8.2 (1.19) 9.2 (1.33) 9.8 .42) 1 1003 (1.69) | 10,0 (1.4%4)
Coartse-grained 103
1116 (1550) 5 yr]| 50.6 (8.21)[ 66.4 (9463) | 7.8 (10.41) | 75.6 (10.96) | 78.0 (11.am)
7 yr| 49,6 (7.19)] 58,1 (8.42) | vr.7 (9.10) | 661 (9.99) | 68.7  (u.97)
100,000 hr| 40.8 (5.92)| 47.8 (0,91 ] 5106 (7.49) ] 4.4 (7.89) [ “6.6  (H.21)
1228  (1750) 5ye( 1607 (2,42) 19,5 (283 | 21,1 (3oo0) | 22,1 (L2 2902 (34030)
7 yr| 14,6 (2.12) | 1741 (2.48) | 18,5 (2,08) | 19,4 (2.82) | 20,9 (.9
100,000 hr| 12,0 (@1.74)] 14,1 (2004) [ 1507 2uen) | o0 (203 ] 16,7 (2.4
1255  (1800) Syrip 12,7 (1.84) | 14,9 (2.16) [ 1o 1 (2059 1 17,0 (246 [ V2.7 (7. 50)
7yr| 11,1 “3.61) [ 13,0 (1.89) | 14.1 (2.04) | 148 (219)Y | 15,04 (0 o)
100,000 hr| 9.2 o 8

4
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